Objective: Inhibition of dipeptidyl peptidase 4 (DPP4) is thought to intensify the physiological effects of the incretin hormones. We investigated the effects of DPP4 inhibition on plasma levels of glucose-dependent insulinotropic polypeptide (GIP), glucagon-like peptide 1 (GLP1), incretin effect, glucose tolerance, gastrointestinal-mediated glucose disposal (GIGD) and gastric emptying in healthy subjects. Design: A randomised, controlled and open-labelled study. Methods: Ten healthy subjects (six women; age, 40G5 years (meanGS.E.M.); BMI, 24G3 kg/m 2 ; fasting plasma glucose, 5.1G0.2 mmol/l and HbA1c, 34G1 mmol/mol (5.3G0.1%)) were randomised to two-paired study days comprising a 4-h 50 g oral glucose tolerance test (OGTT) with paracetamol (A) and an isoglycaemic intravenous (i.v.) glucose infusion (B), with (A 1 CB 1 ) and without (A 2 CB 2 ) preceding administration of the DPP4 inhibitor sitagliptin. Results: Isoglycaemia was obtained in all subjects on the paired study days. Significant increases in fasting levels and OGTT-induced responses of active GLP1 and GIP were seen after DPP4 inhibition. No significant impact of DPP4 inhibition on fasting plasma glucose (5.1G0.1 vs 4.9G0.1 mmol/l, PZ0.3), glucose tolerance (area under the curve (AUC) for plasma glucose, 151G35 vs 137G26 mmol/l!min, PZ0.7) or peak plasma glucose during OGTT (8.5G0.4 vs 8.1G0.3 mmol/l, PZ0.3) was observed. Neither incretin effect (40G9% (without DPP4 inhibitor) vs 40G7% (with DPP4 inhibitor), PZ1.0), glucagon responses (1395G165 vs 1223G195 pmol/l!min, PZ0.41), GIGD (52G4 vs 56G5%, PZ0.40) nor gastric emptying (T max for plasma paracetamol: 86G9 vs 80G12 min, PZ0.60) changed following DPP4 inhibition. Conclusions: These results suggest that acute increases in active incretin hormone levels do not affect glucose tolerance, GIGD, incretin effect, glucagon responses or gastric emptying in healthy subjects.
Introduction
In recent years, inhibitors of the ubiquitous enzyme dipeptidyl peptidase 4 (DPP4), which under normal circumstances degrades and thereby inactivates the insulinotropic gut incretin hormones, glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP1), have been developed for the treatment of type 2 diabetes. GIP and GLP1 are secreted from enteroendocrine K and L cells, respectively, in response to meal ingestion (1) . Following secretion, the glucosedependent insulinotropic activity of the hormones (neither hormone has insulinotropic activity at plasma glucose concentrations below 4 mmol/l) is rapidly terminated by DPP4-induced degradation, resulting in plasma half-lives of 5-7 and 1-2 min for the active forms of GIP and GLP1 respectively. The incretin effect, defined as the increment in insulin release after an oral glucose load compared with i.v. glucose administered to copy the plasma glucose curve during the oral glucose load (isoglycaemic conditions), is thought to be dependent on the levels of active incretin hormones. Furthermore, the HbA1c-lowering effect of DPP4 inhibitors in type 2 diabetes is largely thought to be a result of the increased intact incretin hormone levels and their combined effects on the endocrine pancreas (insulinotropic and glucagonostatic effects) (2) . The effects of the two hormones with respect to insulin secretion have been shown to be additive in humans (3), but, nevertheless, the role of the ratio between active hormones and their inactivated metabolites for the incretin effect remains to be established in healthy humans. Interestingly, several studies have evaluated the impact of DPP4 inhibition (using the DPP4 inhibitors sitagliptin or vildagliptin) on the incretin effect in type 2 diabetic subjects (4, 5, 6) and found that the incretin effect did not change numerically (because insulin secretion increased, not only during oral glucose load but also after isoglycaemic intravenous (i.v.) glucose infusion (IIGI)) despite greater DPP4 inhibitor-mediated potentiation of active levels of incretin hormones during the oral glucose stimulus compared with the IIGI. Nevertheless, it is well-established that the insulinotropic effect of the incretin hormones is severely compromised in patients with type 2 diabetes, and these aforementioned findings may simply reflect reduced b cell sensitivity to the insulinotropic effects of GIP and GLP1.
In this study, we investigated the impact of DPP4 inhibition on the incretin effect (by evaluating pancreatic hormone responses to oral glucose tolerance test (OGTT) and IIGI) in healthy normal-glucose tolerant subjects (in whom normal insulinotropic effects of the incretin hormones are expected). In addition, we studied the impact of DPP4 inhibitor-induced elevations of plasma levels of active incretin hormones on gastric emptying and gastrointestinal-mediated glucose disposal (GIGD).
Subjects and methods

Ethical approval
The study was approved by the Scientific Ethical Committee of the County of Copenhagen dated 17th August 2011 (journal number in the committee: H-1-2010-130) and registered with ClinicalTrials.gov (registration number: NCT01342939). The study conformed to the latest revision of the Declaration of Helsinki, and all subjects agreed to participate and gave oral and written consent.
Subjects
Ten healthy subjects participated in the study (anthropometric data in Table 1 ). They were all without family history of diabetes, exhibited normal fasting plasma glucose and HbA1c, and had a normal 75 g OGTT. All subjects were normal weight without hypertension or dyslipidaemia, and none were taking medicine on a regular basis. The subjects also participated as a control group in another study (7) .
Experimental procedures
The participants were subjected to two-paired study days, comprising a 4-h 50 g OGTT (A) and an IIGI (B), respectively, with (A 1 CB 1 ) and without (A 2 CB 2 ) preceding open-label administration of the DPP4 inhibitor sitagliptin (100 mg 12 and 2 h before OGTT (A 1 ) and IIGI (B 1 ) respectively; sitagliptin was administered twice in order to ensure maximum inhibition as the last administration was close to study start). The experimental days were performed in randomised order, although the 2 day As were performed before the 2 day Bs. On each day, experimental procedures were initiated in the morning after 10 h of fasting (including liquids and use of tobacco). The volunteers were asked not to perform physical exercise and to refrain from alcohol intake for 3 days before each experimental day.
On day A 1 (OGTT with DPP4 inhibition), a cannula was inserted into a cubital vein for sampling of arterialised blood (heated hand principle; using a heat pad (45 8C) wrapped around the hand and forearm). The participants were given 100 mg of the DPP4 inhibitor sitagliptin twice, 12 and 2 h before start of the OGTT, which consisted of 50 g of water-free glucose dissolved in 300 ml of water with 1.5 g of paracetamol (Panodil, GlaxoSmithKline Consumer Healthcare) ingested during 5 min (from 0 to 5 min). Blood was drawn at K15, K10, 0, 10, 20, 30, 40, 50, 60, 75, 90, 120, 150, 180 and 240 min and distributed into chilled tubes containing ethylenediaminetetraacetic On day B 1 (IIGI with DPP4 inhibition), the subjects were given 100 mg of the DPP4 inhibitor sitagliptin twice, 12 and 2 h before start of the IIGI. Cannulas were inserted into the cubital vein of each arm, one for sampling of arterialised blood and one for infusion of glucose. An adjustable i.v. glucose infusion (20% w/v) was performed, aiming at duplicating the plasma glucose profile determined in the same individual on day A 1 . Blood was sampled as on day A 1 .
Day A 2 (OGTT without DPP4 inhibition) and day B 2 (IIGI without DPP4 inhibition) were similar to day A 1 and day B 1 , respectively, except that the subjects did not receive sitagliptin.
Analyses
During experiments, plasma glucose concentrations were measured using a glucose analyzer (Yellow Springs Instrument YSI 2300 STAT plus analyzer, YSI, Inc., Yellow Springs, OH, USA). Serum insulin and C-peptide concentrations were measured using two-sided electrochemiluminescence immunoassay (Siemens Healthcare, Ballerup, Denmark) and plasma paracetamol was measured using the Vitros ACET slide method (Ortho Clinical Diagnostics, Johnson & Johsnon, Birkerød, Denmark) as described elsewhere (8, 9) . Plasma concentrations of total GLP1 and GIP were measured by RIAs as previously described (10, 11) . Intact GIP was measured using antibody code no. 98171 as previously described (12) . Intact GLP1 was measured using an ELISA assay. The assay is a two-site sandwich assay using two MABs: GLP1F5 as catching antibody (C-terminally directed) and Mab26.1 as detecting antibody (N-terminally directed) (13) . The glucagon assay is directed against the C-terminal of the glucagon molecule and measures glucagon of pancreatic origin (14) . For the GIP, GLP1 and glucagon assays, plasma samples (EDTA) were extracted using ethanol (w70%) before assay to eliminate unspecific interference. Sensitivity is !2 pmol/l, with intra-assay coefficient of variation (CV) being !6% and inter-assay CV being !15% in these assays.
Calculations and statistical analyses
AUCs were calculated using the trapezoid rule, with incremental AUCs being calculated after baseline subtraction. Insulin secretion rate (ISR) was calculated using a two-compartment model of C-peptide kinetics and population-based C-peptide kinetic parameters (15) , and is expressed as picomoles insulin secreted per minute per kilogram of body weight. Incretin effects were calculated by relating the difference in integrated b cell secretory responses (AUC for insulin, C-peptide and ISR respectively) between stimulation with OGTT and corresponding IIGI to the response after OGTT (incretin effect (%)Z 100%!(AUC OGTT KAUC IIGI )/AUC OGTT ) (16) . GIGD was calculated by relating the difference in glucose administered at OGTT and IIGI to the amount of glucose administered during OGTT (GIGD (%)Z100%! (glucose OGTT Kglucose IIGI )/glucose OGTT ) (17) . All results are expressed as meanGS.E.M. unless otherwise stated. Bartlett's test was used to test for normal distribution.
Comparisons of experiments in which the data were distributed normally were made with two-tailed t-test. For data that did not follow a normal distribution, the significance of differences between groups was tested using Mann-Whitney U test, and for within-group comparisons, the Wilcoxon's signed-rank test for paired differences was used. As post hoc analysis, Bonferroni adjustments were used. One-sample t-test (two-tailed) was used to test for significant incretin effects (different from 0). Differences with P values !0.05 were considered significant.
Results
Plasma glucose, glucose infusions and GIGD
Fasting plasma glucose levels were similar on all study days (4.9G0.1 (A 1 ), 5.0G0.1 (B 1 ), 5.1G0.1 (A 2 ) and 5.0G 0.1 mmol/l (B 2 ), 0.31%P%0.87). Isoglycaemic conditions during oral and i.v. glucose administration were achieved with and without DPP4 inhibition (Fig. 1) . Administration of the DPP4 inhibitor had no significant effect on plasma glucose profiles (PZ0.53) or glucose tolerance (measured as AUC (1339G35 with DPP4 inhibitor vs 1351GPZ0.52)) during OGTT. Glucose amounts infused during 15-min intervals are shown in Fig. 1 . No statistically significant differences in 15-min interval glucose infusion rates between days B 1 and B 2 were observed, or in overall amounts of glucose needed to copy the 50 g OGTT plasma glucose curves during the two IIGI days with and without DPP4 inhibition (22G2 vs 24G2 g, PZ0.40) respectively. Consequently, GIGD was similar with and without DPP4 inhibition (56G5 vs 52G4%, PZ0.4).
Incretin hormones
Time courses for total and intact incretin levels are plotted in Fig. 2 , and integrated levels are listed in Table 2 . DPP4 inhibition had no impact on mean fasting levels of total GIP (18G6 with DPP4 inhibition vs 12G3 pmol/l without, PZ0.44) or intact GIP (17G1 vs 13G1 pmol/l, PZ0.12). DPP4 inhibitor administration resulted in significantly larger intact GIP response to OGTT (71 and 158% when evaluated from AUC and incremental AUC respectively) and a near-significant 62% decrease in the total GIP response (incremental AUC) to OGTT (PZ0.06). Neither intact nor total GIP levels changed during IIGI, and this was not altered significantly by DPP4 inhibition. Mean fasting levels of intact GLP1 were significantly higher with DPP4 inhibition (4G1 pmol/l (days A 1 and B 1 ) vs 2G0.5 pmol/l (days A 2 and B 2 ), P!0.01), whereas fasting levels of total GLP1 were similar (PZ0.14) with (10G1 pmol/l (days A 1 and B 1 )) and without DPP4 inhibition (8G1 pmol/l (days A 2 and B 2 )). During DPP4 inhibition, we found a significant 67% increase in the intact GLP1 response (AUC) to OGTT and a significant 149% increase in the AUC for intact GLP1 during IIGI. There was a significant 30% decrease in total GLP1 levels after administration of DPP4 inhibitor on the IIGI days and an insignificant (PZ0.13) 10% decrease on OGTT days (as evaluated from AUCs). The response of total GLP1 to DPP4 inhibition during OGTT was decreased by 46% (PZ0.10), being measured as incremental AUC.
Insulin, C-peptide, ISR and incretin effect
Time courses for insulin, C-peptide and ISR are illustrated in Fig. 3 . AUCs are listed in Table 3 . Mean fasting levels of Table 3 , incretin effect values varied between 30 and 40%, depending on which b cell secretory parameter the calculation was based on, but were unaffected by DPP4 inhibition.
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Glucagon
Time courses for plasma concentrations of glucagon during OGTTs and IIGIs are illustrated in Fig. 4 Responses of total and intact GLP1 and GIP measured as AUC (total AUC) and incremental AUC during days A 1 and A 2 (OGTT with and without DPP4 inhibitor respectively) and during days B 1 and B 2 (isoglycaemic i.v. glucose infusion with and without DPP4 inhibitor respectively). 
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Gastric emptying
Rate of gastric emptying as measured by AUC for paracetamol was unaltered after DPP4 inhibition (17G2 with vs 17G2 pmol/l!min without DPP4 inhibition, PZ0.80, Fig. 5 ). Similarly, peak concentration (99G1 with vs 104G8 nmol/l without DPP4 inhibitor, PZ0.35) and peak concentration time for paracetamol were unaltered (80G12 with vs 86G9 min without DPP4 inhibitor, PZ0.60) by DPP4 inhibition.
Discussion
We show that elevated plasma levels of intact active incretin hormones (attained through 'acute' inhibition of DPP4) have no effect on incretin effect, fasting plasma glucose, glucose tolerance, GIGD, glucagon responses to oral or i.v. glucose or gastric emptying following OGTT in healthy subjects. This study was conducted in young healthy adults of both genders. The participants were normal-glucose tolerant with normal fasting plasma glucose levels and without any predisposition to diabetes. Thus, their b cells would be expected to be fully sensitive to any increment in intact levels of the incretin hormones. This in combination with the well-established and powerful insulinotropic effect of intact incretin hormones led us to propose a hypothesis that DPP4 inhibition during OGTT and IIGI would potentiate the incretin effect in healthy subjects. Though widely used in the treatment of type 2 diabetes, the effect of DPP4 inhibition on the incretin effect has, to our knowledge, not been described in healthy subjects. The combined 4 h-OGTT and IIGI is a standardised way of measuring the incretin effect.
In this study, we did not measure the concentration of sitagliptin or the activity of DPP4, but assumed that the acute administration of the DPP4 inhibitor at its therapeutic dose would inactivate the enzyme by 80-96% in the plasma, as shown previously (18), and allow plasma levels of intact incretin hormones to increase (19) . This assumption was supported by the significantly elevated responses of intact GIP and GLP1 during OGTT experiments with preceding administration of DPP4 inhibitor.
We included ten subjects in this study. According to our power calculations, this number of subjects would allow us to detect a 9% change in incretin effect with 80% probability. Given the very small and insignificant differences in incretin effect between examinations with and without DPP4 inhibition, it is unlikely that inclusion of more subjects would have revealed clinically relevant differences. However, it is possible that inclusion of more subjects would have resulted in statistical significance of 
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the relatively small numeric differences in our secondary end-points (glucose tolerance and insulin and glucagon responses; see below). Few studies describe the effects of DPP4 inhibition on incretin levels in healthy subjects. El-Ouaghlidi et al. (20) found significant 48 and 21% reductions in total GLP1 and GIP, respectively (measured as incremental AUC), after acute administration of 100 mg vildagliptin in 16 male subjects undergoing a 75 g OGTT after an overnight fast, with a similar effect being observed after a meal test in non-diabetic subjects given 100 mg sitagliptin (21) . These results are thus in agreement with findings in experimental animals (22) , where increased levels of active hormones seemed to inhibit incretin secretion in a negative feed-back loop. Migoya et al. (23) reported approximately twofold higher levels of intact GLP1 and GIP after acute (2 days') administration of sitagliptin, with similar effects on GLP1 being reported by Hu et al. (24) after a 10-day period with once daily ingestion of 100 mg vildagliptin in ten healthy subjects (GIP and incretin effect were not measured). In contrast to the relatively sparse data on the impact of DPP4 inhibition on glucose metabolism and incretin levels in healthy subjects, the 'acute' effect of DPP4 inhibition in type 2 diabetes has been studied in more detail. Herman et al. Others have since then corroborated these results (5, 6) . In a study by Bock et al. (25) , 22 subjects with impaired fasting glucose were subjected to a meal test before and after 8 weeks of 100 mg sitagliptin once daily. Fasting or postprandial glucose, insulin or C-peptide concentrations were not altered in spite of increased levels of intact GLP1 (and decreased total levels). Rosenstock et al. (26) treated subjects with impaired glucose tolerance with vildagliptin and found increased levels of active GLP1, which associated with postprandial suppression of glucagon and increased ISR. In our study, DPP4 inhibition reduced incremental AUC for glucose insignificantly by only 9% compared with no DPP4 inhibition, incremental AUC for insulin was only increased insignificantly by 8% compared with no DPP4 inhibition, and C-peptide levels and ISRs were unaltered (despite significantly increased amounts of active levels of both GIP and GLP1). This is in agreement with data reported by Ohlsson et al. (27) , where acute administration of sitagliptin in healthy lean men increased intact GLP1 levels and resulted in lower glycaemic excursions following glucose, fat or protein ingestion without any significant changes in pancreatic endocrine responses. Aoki et al. (28) have shown similar results for both sitagliptin as well as vildagliptin (29), and a recent study by Wu et al. (30) has supported these findings. It is wellknown that the insulinotropic effects of the incretin hormones are strictly glucose dependent; i.e. increase with higher plasma glucose levels. In line with this, Herman et al. further found a significant increase in incremental AUC for insulin during OGTT of 21% (25 mg) and 22% (200 mg), respectively, in patients with type 2 diabetes. Likewise, Vardarli et al. found a significant increase in C-peptide both after OGTT and IIGI as a result of DPP4 inhibition in their patients with type 2 diabetes, i.e. the diabetic individuals increased insulin secretion by w30% after OGTT and IIGI from a baseline that was already rather high compared with what is normally seen in healthy subjects (most likely due to insulin resistanceinduced compensatory insulin secretion). This increase in endogenous insulin production following administration of sitagliptin in subjects with type 2 diabetes was demonstrated again in 2014 (5). The glucose-dependent insulinotropic effects of the incretin hormones and the high plasma glucose concentrations of the patients with type 2 diabetes studied by Herman et al. and by Vardarli et al., respectively, may explain the greater impact of DPP4 inhibition on glucose tolerance in these studies. However, it is at variance with the otherwise well-established notion that patients with type 2 diabetes are characterised by a Gastric emptying. Concentrations of plasma paracetamol during 50 g OGTT with 1 g paracetamol without DPP4 inhibitor (A, grey curves) and with DPP4 inhibitor (B, black curves).
Clinical Study N A Rhee and others Impact of DPP4 inhibition on incretin effect 171:3severely compromised insulinotropic effect of GIP and a decreased insulinotropic potency of GLP1 compared with normal-glucose tolerant subjects. This, combined with the insulin resistance associated with type 2 diabetes, has led to the hypothesis that reduction in glucagon levels (exerted by increased active GLP1 levels) constitutes a major glucose-lowering mechanism of DPP4 inhibition in type 2 diabetes (31). Interestingly, in this study in healthy individuals, glucagon levels were unaltered by DPP4 inhibition (and increased levels of active incretin hormones), as also seen in other studies with DPP4 inhibition in non-diabetic subjects (27) . This is in contrast to studies in patients with type 2 diabetes, in whom DPP4 inhibition leads to decreased glucagon levels (4). This discrepancy between healthy subjects and patients with type 2 diabetes might be explained by several things. First, like the insulinotropic effect of GLP1, the glucagon-suppressive effect of this incretin hormone has been shown to be glucose dependent (most pronounced during high plasma glucose concentrations), and in contrast to the insulinotropic effect of GLP1, the glucagonostatic effect is preserved in patients with type 2 diabetes (32). Second, patients with type 2 diabetes are typically characterised by hyperglucagonaemia and, thus, a larger potential for any glucagonsuppressive effect to become apparent. Lastly, it has been shown that GIP exerts glucose-dependent glucagonotropic effects, which are most pronounced during low plasma glucose concentrations (33) . Thus, the relatively low plasma glucose levels in the healthy subjects participating in this study may favour a counterbalanced effect of the two incretin hormones on glucagon secretion. The incretin hormones mediate the incretin effect. It is therefore surprising that increasing the amount of active incretin hormones did not affect the incretin effect, in any of the three studies in patients with type 2 diabetes (4, 5, 6), nor in our healthy subjects. Vardarli et al. observed higher levels of insulin secretion during both the OGTT and the IIGI with DPP4 inhibition (vs IIGI without DPP4 inhibition), whereby the incretin effect, as calculated by relating the responses to the OGTT and IIGI, remained unchanged. By the use of mathematical modelling, Muscelli et al. attributed the lack of change in the incretin effect after administration of sitagliptin to an improvement in b cell sensitivity to glucose during both oral and i.v. glucose challenges following DPP4 inhibition. The lack of DPP4 inhibitor-induced insulin enhancement during OGTT (which would have created an increasing incretin effect) in our healthy subjects does not conform to the present understanding of incretin physiology. As mentioned above, DPP4 inhibitors are thought to potentiate glucose-stimulated insulin secretion via increased amounts of circulating active GLP1 and GIP. Physiological levels of both hormones (similar to the levels of intact hormones attained in the present study) have been shown to exert strong insulinotropic effects in healthy subjects already during rather low plasma glucose concentrations (similar to and even lower than the glucose levels attained in our subjects) (34) . Therefore, it is surprising that the significantly increased levels of intact active forms of GIP and GLP1 in this study did not translate into potentiation of the incretin effect. Thus, it seems that increased levels of active incretin hormones in healthy individuals do not influence the incretin effect per se and that the incretin effect in healthy subjects is influenced by mechanisms other than active GIP and GLP1 levels alone. It might surprise that inhibiting degradation of GLP1 by administrating a DPP4 inhibitor results in reduced levels of total GLP1. These lower levels of total GLP1 after administration of the DPP4 inhibitor imply a negative feedback of intact GLP1 on the secretory mechanisms of the L cells, possibly through somatostatin as indicated from in vitro studies (35, 36) . Although not statistically significant, the reduction in the response of total GLP1 during OGTT (10% when evaluated from AUC (PZ0.13) and 46% when evaluated from incremental AUC (PZ0.10)) with DPP4 inhibition in our study was in line with what has been previously described (22) . Similarly, the response of total GIP tended to be decreased during OGTT with preceding DPP4 inhibitor administration (when evaluated from incremental AUC, PZ0.06). Generally, administration of DPP4 inhibitor increased baseline levels of intact GLP1 but not intact GIP. Thus, one explanation for the lack of increase in incretin effect could be that the increase in intact GLP1 levels due to DPP4 inhibition results in reduced secretion of GLP1. In this way stimulation of vagal afferents in the intestinal mucosa may have been weakened following DPP4 inhibitor administration. As suggested by Plamboeck et al. (37) , compromised vagal transmission of GLP1 signals may contribute to reduce peripheral GLP1 effect including the incretin effect.
In conclusion, DPP4 inhibitor-induced doubling of circulating levels of intact active GLP1 and GIP levels did not influence incretin effect, GIGD or glucagon responses to oral and i.v. glucose in healthy subjects. Clearly, further studies are needed to obtain a clear picture of the mechanisms linking incretin hormone secretion, circulating levels of GLP1 and GIP and secretion of insulin and glucagon.
